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Introduction:  The habitability of Europa’s interior 

ocean depends, amongst other conditions, on the avail-
ability of redox gradients [1,2]. High oxidant fluxes are 
likely if oxidants produced at the surface can be trans-
ported through the ice shell into the ocean. Possible ice-
shell transfer processes include: resurfacing [3]; sub-
duction [4]; penetrating impacts [5]; and brine percola-
tion [6-8]. Here we investigate the transport of oxidants 
by the downward percolation of near-surface melts. Ge-
ological evidence for near-surface melting is observed 
in the form of chaos terrains [7,9]; impacts [10]; lentic-
ulae [7]. Several recent studies have investigated brine 
transport in planetary ice shells [8, 11-13]. Due to the 
ductile nature of partially molten ice, the dynamics of 
brine percolation differ significantly from conventional 
porous flow and lead to the formation of porosity waves 
[14-16]. Studies to date have not investigated the 
transport of tracers, such as oxidants, in these porosity 
waves.  

Mass transport in porosity waves:  It is not trivi-
ally obvious that porosity waves provide an efficient 
mechanism for oxidant transport through the ice shell, 
because porosity waves are generally not thought to 
transport mass over significant distances [17-19]. The 
absence of mass transport in porosity waves can be 
shown rigorously in one-dimension.  Only recently has 
it been recognized that higher-dimensional porosity 
waves transport mass [20]. Figure 1 shows that transport 
is due to fluid recirculation in their interior.  

The formation of higher-dimensional porosity 
waves depends on the ratio of the compaction length, d, 
to the thickness of the ice shell, H. The compaction  

 

 
Figure 1: Mass transport in porosity waves (modified from 
[20]): a) Brine streamlines in a downward propagating po-
rosity wave shown in black. Porosity contours shown in gold. 
Red dividing streamline shows the border of the recirculating 
region in the interior of the wave. b) The swirl-shaped tracer 
concentration field in a downward migrating porosity wave. 

length is the distance over which porosity changes can 
be communicated in the partially molten ice [21]. In the 
limit of d /H >> 1, the porosity changes are close to uni-
form throughout the ice shell and porosity waves cannot 
form. In the limit d /H << 1, the flow localizes into 
higher dimensional porosity waves [22].  

The ratio d /H is highly uncertain and likely varies 
substantially over Europa’s history. For example esti-
mates of current crustal thickness, H, vary by almost an 
order of magnitude and may have been larger in the past 
[23]. The effective viscosity of the ice shell can vary by 
up to 10 orders of magnitude due to changes in temper-
ature and strain rate [24]. This suggests that the nature 
and efficiency of oxidant transport has varied and in-
duced dynamic changes in ocean habitability.  

Modes of oxidant drainage:  Here we investigate 
the mode and efficiency of oxidant transport in both lim-
its. We assume a 30 km thick ice shell containing a 3 
km thick partially molten near-surface layer containing 
oxidants. Two crucial assumptions in this model are: a) 
near-surface partial melt is in contact with oxidants 
formed on the surface; b) The entire ice shell contains a 
very small fraction of connected melt so that the ice 
shell is permeable. The latter assumption will be dis-
cussed in detail below. We also neglect important ther-
modynamic couplings and consider a purely mechanical 
system. Given the large uncertainty in all parameters, 
we neglect vertical variation in properties (at least ini-
tially) and simply investigate oxidant transport in the 
two limits of large and small d /H. 

 

 
Figure 2: Uniform slow oxidant transport in the large d /H 
limit: The porosity field is shown on the left and the oxidant 
concentration on the right.  
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Figure 3: Localized fast oxidant transport in the small d /H 
limit. The porosity field is shown on the left and the oxidant 
concentration on the right. 

Figure 2 shows the porosity field and the oxidant 
front in the large d /H limit. The porosity of the ice shell 
dilates uniformly to accommodates the near-surface 
melt, because the large compaction length communi-
cates porosity changes across the entire crust. This leads 
to slow and uniform downward propagation of the oxi-
dant front. Figure 3 shows the porosity field and the ox-
idant front in the small d /H limit. Here the short com-
paction length does not allow a communication of po-
rosity changes over large distances, which leads to the 
localization of the flow into a series of porosity waves. 
Each wave transports a swirl of oxidants, similar to the 
idealized system shown in Figure 1. In this purely me-
chanical system, the oxidants will eventually reach the 
interior ocean beneath the ice shell in both cases. The 
absolute timescale depends strongly on the constitutive 
properties and the background porosity that has been as-
sumed. However, transport in the small d /H limit is sig-
nificantly faster and more likely to deliver significant 
amounts of oxidants to the ocean before the near-surface 
melt refreezes. Full determination of the transport effi-
ciency therefore requires consideration of the timescales 
of persistence of near-surface brines. Nevertheless, we 
can conclude that the efficiency of oxidant drainage in-
creases with decreasing d/H of Europa’s ice shell. 

Variations in oxidant transport over time: Mod-
els of thermo-orbital evolution of Europa suggest that 
the ratio d/H and hence the efficiency of oxidant 
transport vary significantly over time [23, 24]. Due to 
the decline of radiogenic heating and due to variations 
in tidal dissipation the thickness of the ice shell, H, has 
been estimated to vary between 10 and 60 km. The com-
paction length, d, depends on bulk viscosity and perme-
ability of the ice shell, which vary with the thermal 
structure and the melt production due to tidal heating. 
Due to the large uncertainty in both the bulk viscosity 
and permeability of the ice shell and their dependence 
on porosity, it is difficult to estimate the likely range of 

d/H. But the efficiency of oxidant transport through the 
ice shell by brine percolation is likely to have varied sig-
nificantly. This suggests variations in the energy 
sources available for possible life in Europa's interior 
ocean, suggesting that the habitability of the ocean is 
dynamic and may vary and over time. In future work we 
aim to bound these variations in the oxidant flux. 

Discussion:  An important assumption in our work 
is the non-zero permeability of the ice shell beneath the 
region of surface melting. In this case, at least partial 
drainage of near-surface melt is inevitable. However, 
the zone of partial melting may me underlain by solid 
ice, due to a decrease of impurities with depth [9,13]. In 
this case it is not clear if the near surface brine can pen-
etrate through the solid ice or if it will pond and refreeze 
in place. Processes that may allow the brine to penetrate 
solid ice include: capillary forces [25], transfer of latent 
heat [26], and solid state convection [8]. To understand 
the effectiveness of oxidant transport by brine percola-
tion, it will be essential to determine the conditions un-
der which the drainage of near-surface melt through a 
layer of solid ice is possible. 
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